Introduction 23
Diamidine compounds, such as pentamidine, propamidine and diminazene have 24 been used for many years as chemotherapeutic agents for infections caused by a variety 25 of microbes, including parasites and fungi. Pentamidine has been used for almost 60 26 years as a treatment for human African trypanosomiasis, and is also used to treat 27 leishmaniasis and the opportunistic infection Pneumocystis pneumonia (32). Diminazene 28 has been used widely for animal trypanosomiasis (9), and has also been used for humans 29 (25). Recently pafuramidine, or DB289, a methamidoxime prodrug of the diamidine 30 DB75 (furamidine), has been developed as an oral treatment for early stage sleeping 31 sickness caused by Trypanosoma brucei gambiense. DB289 is currently in Phase III 32 clinical trials in sub-Saharan Africa (6). In addition to DB75 and DB289, a library of 33 diamidines and prodrugs has been synthesized, with variable activity against many 34 parasites (1-3, 14-18, 32). 35 Although diamidines have been used therapeutically for over half a century, their 36 mechanism of action is not well understood. Many mechanisms of action have been 37 proposed (32), but one mechanism of action of diamidines that has often been 38 hypothesized is binding to DNA in the nucleus or kinetoplast, leading to interference of 39 DNA associated enzymes such as Topoisomerase II (27, 34). Pentamidine has also been 40
shown to linearize kinetoplast DNA (kDNA) isolated from trypanosomes (27), which 41 could play an important role in the compound's mechanism of action. trypanosomes. This is not surprising, as pentamidine is not a fluorescent compound, and 47 therefore its intracellular distribution cannot be tracked using microscopy. 48
Several innately fluorescent compounds related to pentamidine have been 49 investigated qualitatively in cancer cells (19, 20) to determine effects of structural 50 modifications on nuclear distribution. Compounds tested included DB75, and the 51 substituted diamidines DB569, DB244 and DB249, and the imidazoline DB60 (Figure 1) . 52 Lansiaux et al. found that of the three substituted diamidines, only the N-phenyl 53 substituted DB569 had an altered distribution in cells. While the other compounds were 54 localized to the nuclei of cancer cells, DB569 was found only in the mitochondria (20) . 55
More recently, the accumulation and distribution of two fluorescent analogs of 56 pentamidine, DB75, and its aza analog, DB820, in trypanosomes were described (24). 57
Both compounds accumulated within trypanosomes to millimolar concentrations both in 58 vitro, and in an in vivo mouse model, with concentrations in trypanosomes approximately 59 1000 fold, or greater, the environmental concentrations. These compounds are 60 distributed not only in the nucleus and kinetoplast, the DNA containing organelles of 61 trypanosomes, but were also found to be localized to acidocalcisomes. Although DNA 62 binding has been hypothesized to be the mechanism of action for diamidines, 63 accumulation in the acidocalcisomes or other organelles may also play an important role 64 in killing these parasites. 65
This paper describes the in vitro activity, DNA binding ability, accumulation, and 66 distribution for thirteen structurally related compounds. While some are intensely 67 fluorescent and others are not as fluorescent, we have combined qualitative microscopy 68 b. rhodesiense STIB900 trypanosomes (2 x 10 4 per ml) were cultured at 37 ºC and 5% 84 CO 2 with serial dilutions of the diamidines for 72 h using a method previously described 85 (26). The T. b. brucei S427 strain is routinely used at UNC for in vitro activity, 86 compound accumulation and intracellular distribution studies. The T. b. rhodesiense 87 STIB900 strain is routinely used at the Swiss Tropical Institute for screening diamidine 88 compounds for both in vitro and in vivo activity (15). Experiments were performed in 89 triplicate with each trypanosome strain. IC 50 values were determined using the Hill 90 Equation, and are the average of at least 3 determinations. 91 Midland, Texas) which has a single AT binding site for the diamidines. The 99 concentration of DNA was determined by measuring the absorbance at 260 nm. For the 100 diamidine-DNA complexes, a ratio of 1:1 compound to DNA oligomer duplex or a ratio 101 of 0.6 compound/DNA base pairs with polydA·polydT was used. A thermistor fixed into 102 a reference cuvette was used to monitor the temperature and the heating rate was 0. B, which increased linearly over 10-15 min, followed by a 3-5 min re-equilibration to 179 starting conditions. An Agilent Zorbax Bonus RP (New Castle, DE) column (2.1 X 50 180 mm, 3.5µm) was used for compound resolution. Compounds were detected using their 181 maximum excitation and emission wavelengths (Table 3) . 182 (Tables 1 and 2) . 216
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The majority of the diamidines used in this study have two positive charges at 217 physiological pH (pH 7.0), and lower pH values. pKa values for DB75, for example, 218 have been determined to be around pH 11 (Table 1) between 100 -150 nM. The cyclic diamidines, the imidazoline DB60 and the 237 tetrahydropyrimidyl DB103, were the least potent compounds in this series against S427 238 trypanosomes. Against the STIB900 strain, the trend in activity for diphenyl furans was 239 similar to that of the S427 strain, with 6 of the 8 compounds having the same rank order 240 against both strains (Table 1 ). The only exception was DB103, which had an IC 50 value 241 of over 100 nM in the S427 strain, but was much more active against the STIB900 strain 242 (IC 50 value of 33 nM), 243
Aza analogs. All aza analogs had unmodified amidine moieties. Five of the six 244 compounds were potent, with activities against S427 T. b. brucei varying only 10-fold 245 (Table 2 ). DB867 was the most potent compound, with an IC 50 value of 3.3 nM. The 246 positioning of the nitrogen in the aromatic rings had only minor effects (DB867, DB820, 247 and DB829). As with the diphenyl furans, there was little impact on activity when 248 functional groups were added to the aromatic rings (DB935, DB1057). Between DB867 249 and DB1057, there is only a 10-fold difference in IC 50 values. DB879, which has a 250 The largest increases in the melting temperature were seen with DB244, DB249, DB103, 266 and DB75 (Table 1) , however, there was no correlation between activity of the diphenyl 267 furans and DNA binding affinity (r 2 = 0.09). With the aza analogs (Table 2) Three of the diphenyl furans (DB690, DB244, DB249) investigated accumulated to 293 higher peak concentrations in trypanosomes than seen previously for DB75 (4.5 ± 0.3 294 mM at 8 h, Figure 3A) . DB690, the most potent diphenyl furan investigated, as well as 295 (Figure 4) , except for DB867, which accumulated in a 302 non linear manner. DB820 had a peak concentration of 1.0 ± 0.2 mM at 8 h. DB867, the 303 most potent compound in this series (Table 2) , which has the nitrogen in the pyrimidine 304 ring moved meta-to the furan ring, accumulated to a concentration of 9.3 ± 2.0 mM after 305 8 h, which is significantly greater than the accumulation of DB820. DB935, which has a 306 methyl substituent on the phenyl ring, accumulated to concentrations in trypanosomes 4-307 fold higher than DB820, despite being 3 fold less potent. All compounds in the aza 308 analog series accumulated to higher concentrations than DB820, including DB879, the 309 least potent diamidine investigated, as seen in figure 4 . 310
Fluorescence Spectra of Diamidines in Aqueous Solution. The fluorescence spectra of 311 diamidines were determined for developing analysis methods, and for the fluorescence 312 microscopy studies. Fluorescence of the diamidines varied in terms of intensity, and 313 excitation (λ ex ) and emission (λ em ) wavelengths (Table 3) . 314
Diphenyl furans. In the diphenyl furan series, four compounds had similar fluorescence 315 spectra in water. DB75, DB1017, DB244, and DB249 had excitation maxima around 355 316 nm, with maximum emission around 455 nm. Of these compounds, DB249 had the 317 highest emission intensity, and DB75 had the lowest emission intensity. Other structural 318 modifications to DB75 tended to shift either the excitation wavelength by about 20 nm 319
on October 25, 2017 by guest http://aac.asm.org/ Downloaded from (DB690 or DB60), or the emission maximum by 20 nm (DB103) in either direction. In 320 addition to shifting fluorescence spectra, some of the modifications also greatly decreased 321 fluorescence intensity, as seen with DB690 (Table 3) . 322
The fluorescence properties of select diphenyl furan diamidines were also 323 investigated in the presence of AT rich DNA. The fluorescence of DB690, which is only 324 weakly fluorescent in solution, increased almost 300% in the presence of DNA, while the 325 fluorescence of DB75 decreased 17% in the presence of DNA (Table 3 ). The 326 fluorescence intensity of DB60 also decreased by 23% when bound to DNA. 327
Aza analogs. In the aza series, only DB820 and DB935 had similar excitation and 328 emission spectra, with a maximum excitation of about 360 nm and emission around 460 329 nm. The spectra of other compounds were shifted in either excitation or emission 330 wavelength or both. Placing the nitrogen in the pyrimidine ring ortho-to the amidine 331 (DB867) opposed to meta-to the amidine (DB820), shifted the excitation maximum by 332 10 nm, and the emission maximum was also shifted by 20 nm. This modification also 333 decreased the fluorescence intensity by approximately 60 fold. However, having two 334 nitrogens -one in each pyrimidine ring (DB867) increased the fluorescence intensity 335 two-fold over that of DB820, while shifting the maximum emission wavelength down by 336 20 nm. Addition of either an alcohol group to the phenyl ring or addition of a methylene 337 linker between the phenyl and furan ring decreased the fluorescence intensity 338 dramatically (Table 3) . 339
The fluorescence of select diamidines was investigated in the presence of AT rich 340 DNA. As with DB690 in the diphenyl furan series, fluorescence of the weakly 341 fluorescent DB867 is greatly enhanced (almost 400%) with increasing concentrations of 342 orange color, compared to the yellow color seen in DB75 stained acidocalcisomes. 376 DB244 and DB249 were both found only in the nucleus and kinetoplast (Figure 6) . 377
For the rest of the diphenyl furans, the excitation and/or emission wavelengths were 378 shifted slightly, and no direct comparisons can be made as to their relative fluorescence 379 intensities. DB690 appeared to accumulate only in the kinetoplast as shown in Figure 6 . 380 However, due to the weak innate fluorescence of DB690 (Table 3) , it is possible that 381 there is some low level fluorescence in other organelles in the trypanosomes which we 382 were unable to observe. Additionally, the peak excitation of DB690 is below the limit of 383 the UV2A cube, and we are likely not seeing the compound excited at its maximal 384 excitation wavelength. The imidazoline DB60 was localized to the kinetoplast, nucleus 385 and acidocalcisomes. DB103 accumulated only in the nucleus and the kinetoplast 386 Aza analogs. DB820, as shown previously, was localized to the nucleus, kinetoplast, and 388 faintly in the acidocalcisomes (Figure 7) . DB935, the only compound with similar 389 excitation and emission wavelengths to DB820, was localized to the nucleus and 390 kinetoplast. The most potent analog, DB867 appeared in the nucleus, kinetoplast and 391 acidocalcisomes (Figure 7) . Despite being weakly fluorescent in solution, the compound 392 exhibited intense fluorescence in trypanosomes, which may be related to an increase in 393 fluorescence when bound to DNA (Table 3 ). DB1057 was found in the nucleus and 394 kinetoplast, while DB829 was found in the nucleus, kinetoplast and acidocalcisomes. 395 DB879, the least potent of the DB820 analogs was located very faintly in the kinetoplast. 396
The compound is weakly fluorescent, which may affect the appearance of fluorescence 397 seen in the trypanosome, although DB879 concentrates in trypanosomes to levels 398 comparable to that of the other aza analogs. 399 Changes to the structure of the compounds also resulted in changes in the 441 accumulation of the compounds in trypanosomes. Surprisingly, some of the more potent 442 compounds, including DB75 and DB820, accumulated to lesser extent than some less 443 active compounds, such as DB244, and DB249. Additionally, in the aza analog series, all 444 of the compounds investigated accumulated to higher concentrations in trypanosomes 445 than the very potent compound DB820 (Figure 4) . 446
There also does not appear to be any correlation between which organelles the 447 compounds are distribute to and overall accumulation in trypanosomes. For example, 448 DB820, one of the most potent compounds examined, had the lowest accumulation in 449 trypanosomes. Of the three compounds that accumulate to the highest concentrations in 450
trypanosomes, one appears to be localized to the kinetoplast only (DB690), while the 451 other two are localized to the nucleus and kinetoplast (DB244 and DB249). DB690 was 452 the most potent of the compounds tested, while DB244 and DB249 had intermediate IC 50 453 values, yet all three accumulated to similar concentrations in trypanosomes. However, as 454 stated previously, DB690 is a weakly fluorescent compound with a peak excitation 455
on October 25, 2017 by guest http://aac.asm.org/ Downloaded from wavelength below the limit of the UV2A cube used for fluorescence microscopy. It is 456 thus possible that we are not seeing the true distribution of DB690 in trypanosomes, even 457 accounting for the enhancement of DB690 fluorescence when bound to AT rich DNA 458 (Table 3) We also attempted to investigate the accumulation and distribution of another 506 compound in the diphenyl furan series, DB569. DB569 is an N-phenyl substituted 507 diamidine. In cancer cells, DB569 was found localized to the mitochondria instead of the 508 nucleus (20). However, this compound was rapidly toxic to trypanosomes, inducing cell 509 death in 1 h. At lower concentrations, the substituted diamidine appeared to be widely 510 distributed throughout trypanosomes (data not shown). Increased lipophilicity could be 511 one reason that DB569 rapidly kills trypanosomes, due to high levels accumulating in 512 trypanosomes. The pKa of DB569 has been determined to occur at pH 6.9 (average, data 513 not shown), indicating that at the pH of the media (pH 7.4), over half of the drug is 514 unionized, compared to less than 1% unionized with DB75, which has a pKa around 11. 515
The LogD of DB569 at pH 7.4 has been calculated to be 5.1 using ChemAxon 516 MarvinSketch, indicating that the substituted diamidine is highly lipophilic at this pH and 517 would likely diffuse across cell membranes more rapidly than unsubstituted diamidines. 518 DB569 is an interesting diamidine, as it has very different physicochemical properties 519 than other diamidines we have examined. Additionally, due to its rapid killing of 520 trypanosomes, it may have different mechanisms of action. It is clear that more than one 521 approach is needed to fully characterize the processes of transport and accumulation of 522 diamidines in trypanosomes. One interesting avenue would be to investigate the long 523 term accumulation of diamidines in trypanosomes that lack the P2 transporter. 524
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All of the compounds investigated in both series of diamidines were found in the 525 nucleus or the kinetoplast, or both. A few of the compounds, of varying potency, also 526 accumulated in the acidocalcisomes. Due to previous evidence to support DNA binding 527 as a mechanism of action, primarily studied with pentamidine (27, 28), our original 528 hypothesis when we began working with DB75 and DB820, was that their mechanism of 529 action would be related to DNA binding as well. It is still not understood what impact 530 the acidocalcisomes could have on the mechanism of action. It may be that even in this 531 closely related group of compounds, there could be potentially two or three mechanisms 532 of action, involving DNA in the nucleus and kinetoplast, as well as some mechanism in 533 the acidocalcisomes. As dicationic molecules, the diamidines may accumulate in the low 534 pH acidocalcisomes and interfere with homeostasis mechanisms in the trypanosomes. 535
Many questions still remain about the mechanisms of action in these compounds. 536
The lack of correlation between accumulation and activity of the compounds is 537 intriguing. Why are some of the less active compounds accumulating to levels much 538 higher than the more active compounds? There is also likely to be a time dependency to 539 the amount of drug that is necessary to kill trypanosomes. 540
Investigations with DB569, DB75 and DB820 indicate that only about 30 minutes 541 to 1 hour of drug treatment is necessary to cause trypanosome death. With DB75 and 542 DB820, death occurred 24-48 h after washing away drug (data not shown), but with 543 DB569, death occurred within 1 hour, which may indicate a different mechanism of 544 action than that of DB75 and DB820. DB569 also has been shown to cause apoptosis in 545
T. cruzi, to a greater extent than DB75 (10). However, no indication of the time in which 546 this process needs to take place was indicated. In vivo, DB569 resulted in increased 547
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on October 25, 2017 by guest http://aac.asm.org/ Downloaded from survival of mice infected with T. cruzi, and decreased cardiac parasitism, but was unable 548 to clear parasitemia (11). Since we were unable to investigate the accumulation of 549 DB569 in our trypanosomes, we cannot compare it completely to other substituted 550 diamidines such as DB244 and DB249. However, the differences in killing seen between 551 DB569 and other compounds in this series are very intriguing and require further 552 investigation, especially since it would appear to be not very potent on a typical in vitro 553 screen for antitrypanosomal activity, and in light of its different physicochemical 554
properties. 555
In summary, the accumulation and distribution of a diphenyl furan or an aza 556 analog in trypanosomes is not indicative of its antitrypanosomal activity. In actuality, 557
there may be a minimum in vitro accumulation of a diamidine in trypanosomes necessary 558 for killing. From this study, it seems that a minimum accumulation concentration of 1 559 mM in trypanosomes is necessary for this type of compound -DB820, the compound 560 that accumulated the least in trypanosomes, was also one of the most potent compounds. 561 Whether this 'minimum accumulation level' would hold true for other series of 562 diamidines remains to be investigated. The overall accumulation depends on a variety of 563 factors, including which transporters play a role in accumulation and the relative affinity 564 for the transporters as well. The factors that affect transport, accumulation, and 565 ultimately mechanism of action will be further investigated using this series of 566 diamidines, as well as other, more structurally diverse diamidines. 567 against T. b. brucei S427 trypanosomes. DB820, which is in bold type, represents the 688 prototypical diamidine in this series. All other compounds are modifications of DB820. 689 Figure 3 . In vitro accumulation of diphenyl furans (7.5 µM) over 8h. In figure 3A is the 690 accumulation of diphenyl furans to concentrations much higher than DB75. Figure 3B  691 depicts accumulation at lower millimolar levels over 8h. Accumulation, which was 692 determined by HPLC or LC/MS analysis, is presented as concentration ± SE. DB569 is 693 not shown, as it killed trypanosomes rapidly, and accumulation was unable to be 694 determined. 695 
